In this contribution the influence of different types of recombination-active defects on the integral electrical properties of multicrystalline Si solar cells is investigated. Based on a previous classification scheme related to the luminescence behavior of crystal defects, Type-A and Type-B defects are locally distinguished. It is shown that Type-A defects, correlated to iron contaminations, are dominating the efficiency by more than 20% relative through their impact on the short circuit current I SC and open circuit voltage V OC in standard Si material (only limited by recombination active crystal defects). Contrarily, Type-B defects show low influence on the efficiency of 3% relative. The impact of the detrimental Type-A defects on the electrical parameters is studied as a function of the block height. A clear correlation between the area fraction of Type-A defects and both the global Isc and the prebreakdown behavior (reverse current) in voltage regime-2 (−11 V) is observed. An outlier having an increased fullarea recombination activity is traced back to dense inter-and intragrain nucleation of Fe precipitates. Based on these results it is concluded that Type-A defects are the most detrimental defects in Si solar cells (having efficiencies > 15%) and have to be prevented by optimized Si material quality and solar cell process conditions.
Introduction
Currently, the main challenges of the photovoltaic industry are to reduce the costs per watt peak and to increase the durability of the solar modules. To reduce the costs a considerable way is to use multicrystalline silicon (mc-Si) wafers. However, the efficiency of solar cells made of mc-Si wafers is lower compared to solar cells made of monocrystalline silicon wafers. A major reason for this is the presence of a large number of different recombination active defect structures in mc-Si materials. These defect structures have an influence on (i) the solar cell efficiency [1] [2] [3] and (ii) the electrical breakdown behavior and hence the reliability of the solar module [4] . In various publications the electrical properties of the solar cells and the presence of crystal defects were connected [5] [6] [7] [8] . However, a promising connection was not performed so far since mc-Si solar cells suffer from a large number of crystal defects and not all crystal defects behave in the same way with respect to recombination and prebreakdown behavior. For a thorough analysis of the defects, it is necessary due to their large number and their different properties to classify the defect structures before investigating the causes and mechanisms of each class separately. Afterwards, the knowledge obtained can be applied for each defect class on solar cell level even on industrial scale.
In this contribution a further procedure for connecting crystal defects with the electrical properties is presented based on classified defect types. The local influence of different types of recombination active defects on the integral electrical properties of multicrystalline Si solar cells and blocks based on a systematic classification previously introduced [9] is investigated and discussed. For this, first, a short review of the classification will be given. Afterwards, the distribution of defects of various classes and the integrated electrical properties of the complete solar cells will be connected. Here the two main quality aspects of solar cells hence, the conversion efficiency and electrical prebreakdown behavior, will be in focus. It will be shown that in comparably low contaminated samples ( > 15%) a clear correlation between the area fraction of specific defect types and the electrical properties exists as long as no other limiting defects than recombination active crystal defects are present. Finally, the results will be discussed with respect to the current findings of the cause and the physical mechanisms of the corresponding defect types.
Short Review of Defect Classification
Despite the fact that defects in mc-Si solar cells have been investigated since several years [10] [11] [12] [13] [14] [15] [16] , a systematic classification applicable on a macro-and microscopic scale is still missing. In previous publications [9, 17] we have introduced such a classification of recombination active defect structures in mc-Si solar cells using the band-to-band and subband luminescence as well as the prebreakdown behavior at crystal defects based on results published by Bothe et al. [18] and Schubert et al. [19] . One important characteristic of this classification is its simple and industry-related application due to the usage of standard electroluminescence methods opening the possibility to improve and control the solar cell process or using it for return issues.
In Figure 1 such a classification at a 6 mc-Si solar cell is shown as an example. The large number of recombination active defects can be located by their decreased EL signal shown in Figure 1(a) . As a result of the defect classification procedure the lateral distribution of the distinguished defect classes is shown in Figure 1 (b) color-coded. In summary, already on a macroscopic level (6 solar cell) we can clearly distinguish two types of recombination active defects denoted as Type-A (purple) and Type-B (orange). Type-A defects are determined by low intensity of the indirect band-to-band luminescence at 1.1 eV, missing defect luminescence between 0.75 and 0.82 eV and their so called type-2 prebreakdown behavior [20] . Type-A defects are most likely caused by metal contaminations in form of precipitates and atomic decorations as reported in Lausch et al. [21] . Type-B defects are characterized by a decreased band-to-band luminescence, high intensity of defect luminescence, and absence of type-2 prebreakdown behavior. The responsible contamination could not be determined so far, but results are pointing towards a possible influence of the process of the SiN layer formation [22] . On a microscopic scale and at room temperature all recombination active defects were found at line defects which are most likely grain boundaries. The general type of recombination active defects is unclear so far and is under discussion [23] . Therefore no connection to small angle grain boundaries or other grain boundary types can be drawn so far. In particular, Type-A defects seem to be characterized by a broad range of misorientation angles as shown recently [24] . But single dislocations within the inner grain region do not seem to be detrimental to the electrical properties [25] .
Experimentals and Methods
The samples analyzed are silicon solar cells fabricated with a standard commercial process at the company Q-Cells SE in 2009 based on B-doped (acceptor concentration ∼ 10 16 cm −3 ) 156 × 156 mm 2 multicrystalline silicon (mc-Si) wafers made from standard electronic grade silicon with high purity. The material was crystalized in a standard G5 crucible. For wafering an edge block was chosen. Every 10th solar cell was screen-printed with another layout in order to cut out mini solar cells with size of 1 × 1 cm 2 for detailed investigations. The cutting was performed by an optimized laser process with very low influence on the shunt resistance. Spectrally integrated electroluminescence images under forward [26] EL and reverse bias [27] ReBEL were acquired using a common Si CCD array. The defect luminescence imaging procedure (ELsub) is described in [28] .
In Figure 2 a schematic representation of the procedure applied in this work to correlate the lateral distribution of defect types with the globally integrated electrical properties of the solar cells is shown. The area fraction of the classified defects is extracted from the color-coded defect distribution map which is the result of the classification procedure by simply counting out the pixels of the specific defect type divided by all pixels of the full area. The area fraction correlates to the amount of the corresponding defect type and is given in %. The global electrical properties, that is, OC , SC , , and reverse current , of the solar cells are measured in line during solar cell production at the company Q-Cells SE. The electrical properties of the mini solar cells were acquired by a lab sun simulator. Finally, the area fraction of the defect classes is correlated with the electrical properties.
Influence of the Defect Types on the Electrical Characteristic

Experimental Results
Estimation of the Influence of the Defect Types on the Local Electrical Parameters by Using Mini Solar Cells.
To estimate the influences of Type-A and Type-B defects, respectively, on the electrical properties of the solar cell, three mini solar cells (1 × 1 cm 2 ) out of a 6 solar cell were prepared having a large number of Type-A defects and Type-B defects and a sample having a low number of recombination active defects according to an EL measurement. The separation procedure is not influencing significantly OC , SC , or (except a slight decrease of the parallel resistance). This investigation at one solar cell shall just give first evidence to the influence of the different defect types for a further focusing. The positions of the mini solar cells are marked in the EL image in Figure 3 with a purple rectangle (sample with Type-A defects), an orange rectangle (sample with Type-B defects), and a black rectangle (reference sample with low Type-A defects have the strongest detrimental impact on the efficiency of the mini solar cells. The efficiency is lowered by 20% relative caused by a decreased OC and SC compared to the reference sample. The sample is not fully covered by Type-A defects; hence the result is even underestimating the influence of Type-A defects. In contrast to this, Type-B defects show a clearly lower influence of about 3% efficiency decrease compared to the reference sample. Both Type-A and Type-B defects are decreasing SC as well as OC of the mini solar cell. The fill factors of the mini solar cells are comparable and not substantially influenced by the defect types. A more adequate valuation of the influences of the defect types on the electrical parameters is a discussion about the two-diode model, hence J01 and J02 currents. However, this was not done so far and will be performed in an upcoming contribution. Nevertheless first results clearly show that Type-A defects primarily influence J01.
It can be concluded that Type-B defects have only a relatively low influence on the overall solar cell efficiency and Type-A defects are detrimental. Therefore, Type-A defects will be in focus in the following. In agreement with results of Section 4.1, the efficiency is decreasing with increasing area fraction of Type-A defects as can be seen in Figure 4 (a). A decreasing efficiency with increasing area fraction of Type-B defects cannot be obtained V OC (mV) Figure 3 : EL image of a 6 mc-Si solar cell. The mini solar cells which were taken are marked with rectangles. The sample with a large number of Type-A defects is marked with a purple rectangle, the sample with Type-B defects with an orange rectangle, and the sample with a low defect density (reference) with a black rectangle. In the table the main results of the sun simulator measurements of the mini solar cells are summarized. The efficiencies are normalized to the sample with the low defect density (reference sample).
Block-Height Dependent Analysis of Type-A Defects in
(shown in [8] ). The efficiency loss in Figure 4 (a) seems to saturate to higher area fractions of Type-A defects (>8%) for the investigated samples. OC is decreasing with increasing area fraction of Type-A defects as well (see Figure 4 (b)) but at a specific point OC slightly increases to higher area fractions of Type-A defects. A rather linear correlation with the area fraction of Type-A defects is observed for SC (Figure 4(c) ). With increasing area fraction of Type-A defects SC is decreasing linearly guided by the red dotted line in Figure 4 (c) which is a linear approximation. An exception to this trend is the sample REF-37 (marked with a red dotted circle in Figure 4 ) which was cut out from the very bottom region close to the crucible wall. REF- 37 shows low SC and values at low area fraction of Type-A defects. In order to show that the correlation of SC and the area fraction of Type-A defects holds for the whole Si block, in Figure 4 (d) both SC and the area fraction of Type-A defects are plotted as a function of the block height from bottom (low wafers numbers) to top (high wafer numbers). Note the area fraction of Type-A defects is plotted from high to low values (%) in order to visualize the correlation. The area fraction of Type-A defects is increasing towards the top of the Si block. Contrarily, SC is decreasing towards the top of the Si block. Nevertheless, it is obvious that both show rather the same trend. Hence with an increase of Type-A defects SC is decreasing over the whole Si block. Therefore, despite the fact that you can localize Type-B defects with EL measurements quite clear, their influence on the electrical properties seems rather low. Deviations are caused by measurement inaccuracies or additional influences on SC . Therefore, it can be concluded that the trend of the electrical properties within the investigated mc-Si block is dominated by the area fraction of Type-A defects over the whole block height. Note that this is only the case because this block is of high quality and not influenced by other limiting defects than recombination active defects.
Discussion of the Electrical Properties
Discussion about the Influence of the Defect Types on the Integral Electrical Properties.
Type-A defects are mainly dominating the solar cell efficiency through their detrimental impact on the SC and OC caused by recombination of generated minority carriers at these defect structures. The reasons for the strong recombination activity of Type-A defects are metal silicide precipitates and most likely metal decorated structural defects in the vicinity of these precipitates as shown in [21] . These impurities are introducing various defect levels within the band gap increasing the recombination probability for minority carriers as discussed in [21] . Most likely the iron is diffused out of the crucible into the material [29] .
Type-B defects have no significant influence on the electrical properties of solar cells if a large number of Type-A defects is present. However, Type-B defects are reducing strongly the indirect band-to-band luminescence at 1.1 eV [30] leading often to the wrong assumption of a stronger negative influence on the efficiency by Type-B defects. The low influence of Type-B defects is confirmed by investigations of solar cells made of various silicon feedstock, that is feedstock with different contamination levels and upgraded metallurgical silicon material [25] and by Bakowskie et al. [8] who have investigated the influence of different defect types on both wafer and solar cell level. Additionally, they have shown an activation of regions with Type-A defects by the solar cell process most likely due to a dissolving of iron precipitates and a consecutive gettering during cool-down at the grain boundary planes. Detailed root cause analyses on microstructural level of Type-A and Type-B defects including a discussion about the physical origin of the recombination processes can be found elsewhere [21, 22, 31] .
Discussion about the Block-Height Dependent Integral
Electrical Properties. SC is decreasing linearly with increasing number of Type-A defects (Figure 4(c) ) since the more the recombination active defects per area, the higher the recombination probability for generated minority carriers.
The recombination probability at Type-A defects is quite high since the recombination takes place via a high concentration of midgap defect levels as discussed. Deviations can be caused by further influences on SC , that is, reflection losses. OC and consequently saturate with higher number of Type-A defects. The solar cells with slightly increasing OC are cut out from the upper part of the Si block. We assume that the increasing OC is caused by the segregation of boron to the top leading to an increasing OC with increasing block height. Subsequently, this leads to a weakened decrease of too. Obviously, Type-A defects are dominating the trend of the integral electrical properties significantly over the whole Si block. However, the general baseline of the electrical properties is of course given by the solar cell process quality. Note that this holds only for high quality material which is only dominated by recombination active defects at crystal defects; that is, a "full-area" recombination activity taking place also in the inner grain regions can cover these Type-A defects as it is the case for REF- 32 . Specifically, in highly contaminated samples with ≪ 14%, a full-area recombination activity is often present.
Influence of the Defect Types on the Electrical Breakdown Behavior
Influence of Type-A Defects on the Prebreakdown Behavior in Dependence on the Block Height.
A further important property of solar modules is their reliability. This can be negatively influenced by prebreakdown processes and consecutive heating [32] which can lead even to destruction of solar modules since the rear side foil of a module is quite sensitive to heat. In Figure 5 Figure 5 : (a) Reverse current at = 11 V and area fraction of Type-A defects as a function of the wafer number. A correlation between the number of Type-A defects and the reverse current at −11 V can be seen. In (b) the area fraction of Type-A defects in dependence on the reverse current at = 11 V is shown.
of the reverse voltage regime-2 [9, 33] which is dominated by the so-called type-2 prebreakdown sites [20] and defined by an exponential increased reverse -characteristic from about −7 V to −12 V. With increasing number of Type-A defects the reverse current is increasing too. Therefore, Type-A defects are dominating the prebreakdown behavior in reverse voltage regime-2. Small deviations can be caused by additional contributions to the reverse current like different edge isolations of the solar cells, type-1 prebreakdown sites [34] , ohmic shunts [35] , or simply the inaccuracy of the Type-A defect determination. In Figure 5 (b) at = 11 V in dependence on the area fraction of Type-A defects is shown. is increasing with increasing area fraction of Type-A defects. Type-B defects do not show any prebreakdown behavior in voltage regime-2; thus Type-B defects are not influencing the reverse characteristic in voltage regime-2 of the solar cell (not shown here). Figure 5 an increasing reverse current at voltage regime-2 (−11 V) with increasing area fraction of Type-A defects can be observed which is expected since one characteristic of Type-A defects is their type-2 prebreakdown behavior. This type-2 prebreakdown is caused by iron precipitates located at Type-A defects [21] . These iron precipitates are quasi-metallic -FeSi 2 precipitates forming a Schottky junction where thermionic field emission under reverse bias occurs as described in [31] . Exactly at these positions ReBEL is emitted [27] . Hence, iron precipitates can be located by their ReBEL signal. The number of Type-A defects and hence type-2 prebreakdown sites and the prebreakdown current is increasing with block height as shown in Figure 5(a) . As shown Type-B defects do not show a prebreakdown behaviour in voltage regime-2. However, by further increase of the reverse voltage up to voltage regime-3 (>14 V), Type-B defects show type-3 prebreakdown behavior like all structural defects due to curved p-n junctions caused by etch pits [36] or preferred phosphorus diffusion along defect lines [37] leading to a field enhancement at the p-n junction up to a level where an avalanche breakdown occurs [38] .
Discussion about the Prebreakdown Behavior at Type-A Defects Caused by Iron Precipitates. In
The Outlier Solar Cell REF-37
An exception to the results shown in this contribution is the solar cell REF-37. REF-37 was cut out of the very bottom region of the Si block at about 8 mm. The silicon block used in this investigation was cropped at only 5 mm at bottom region to investigate the influence of high contaminations rather than the common 15 mm. An EL measurement of this solar cell can be seen in Figure 6 (a). It is obvious that the EL signal is not dominated by recombination active defects but by a full-area recombination influence. Here, most likely a large amount of iron is present diffused into the crystal out of the crucible up to a concentration of ∼ 10 16 cm −3 [29] . This is proven by the ReBEL image at voltage regime-2 in Figure 6 (b). Here a dense distribution of type-2 prebreakdown sites can be observed. As discussed type-2 prebreakdown sites are caused by Fe precipitates.
So it can be concluded that REF-37 suffers from a large amount of iron contamination which is precipitated or atomic in the inner grain region. This leads to a strongly decreased lifetime over the whole area in particular also in the inner grain regions [39] . The iron precipitates are decreasing the lifetime due to minority carrier recombination at the interface of silicon and iron significantly leading to the low EL signal over the whole area (also in the inner grain regions) in the EL image in Figure 6 is increased due to gettering to the grain boundary planes leading to a slightly increased EL signal in the vicinity of grain boundaries [40] .
Summary
In this contribution the local influence of different types of recombination-active defects on the integral electrical properties of multicrystalline Si solar cells and blocks was investigated. Based on a previous classification scheme related to band-to-band and subband luminescence as well as prebreakdown behavior Type-A and Type-B defects were locally distinguished on 6 solar cell level.
It was shown that Type-A defects, which are correlated to iron contaminations, are dominating the efficiency through their impact on the local SC and OC of the solar cell. Type-A defects lower the efficiency of mini solar cells by more than 20% relative whereas Type-B defects show only a low influence on the local efficiency of ∼3% relative despite the fact that Type-B defects can be localized well in EL imaging often leading to the wrong assumption that Type-B defects are detrimental as well.. The impact of Type-A defects on the integral electrical solar cell parameters is studied as a function of the block height. A clear correlation between the area fraction of Type-A defects and the integral solar cell parameters is observed. Furthermore, the influence of the area fraction of Type-A defects on the integral solar cell prebreakdown behavior is analyzed as a function of the block height. The prebreakdown behavior (reverse current) in voltage regime-2 (∼−11 V) is mainly driven by Type-A defects. In contrast, Type-B defects do not show any influence on the prebreakdown behavior in voltage regime-2 (∼−11 V) at all. Additionally, beside the strong local impact of Type-A defects an increased full-area recombination activity in REF-37 is found at the very bottom of the Si block which is proved to be related to dense inter-and intragrain nucleation of Fe precipitates diffused out of the crucible wall by ReBEL imaging.
Based on these results it is concluded that Type-A defects are the most detrimental defects in high quality Si solar cells ( > 15%) and have to be prevented by optimized Si material quality and solar cell process conditions. Therefore, the classification of recombination active defects is useful to gain causes for decreased solar cell efficiency consecutively to improve the material quality or the solar cell process on an industrial scale.
